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Abstract

myo-Inositol-1,2,3,4,5,6-hexakisphosphate (Ins P6) was first described as an abundant form of phosphorus in plant seeds and
other plant tissues and dubbed ‘‘phytic acid’’. Subsequently it was found to be a common constituent in eukaryotic cells, its meta-
bolism a basic component of cellular housekeeping. In addition to phosphate, myo-inositol (Ins) and mineral storage and retrieval

in plant organs and tissues, other roles for Ins P6 include service as a major metabolic pool in Ins phosphate and pyrophosphate
pathways involved in signaling and regulation; possibly as an effector or ligand in these processes; as a form of energy currency and
in ATP regeneration; in RNA export and DNA repair; and as an anti-oxidant. The relatively recent demonstration that pyr-

ophosphate-containing derivatives of Ins P6 can function as phosphate donors in the regeneration of ATP is reminiscent of the
proposal, made four decades ago in studies of seed development, that Ins P6 itself may serve in this function. Studies of Ins P6 in
non-plant systems rarely include the consideration that this compound might represent a significant fraction of cellular P; cellular

phosphate nutrition has been viewed as either not interesting or of little importance. However, there may be few fundamental
differences among diverse eukaryotes in both the metabolic pathways involving Ins P6 and the spectrum of possible roles for it
and its metabolites.
Published by Elsevier Ltd.
Keywords: Plant; Seed; Inositol; Phytic acid; Phytate; Phosphorus; Minerals; Signal transduction; Cellular nutrition
1. Introduction

myo-Inositol (Ins; 1) is the cyclic alcohol (cyclitol)
derivative of glucose (Loewus and Murthy, 2000) uti-
lized by several pathways in plant cells including IAA
metabolism, cell-wall polysaccharide and cyclitol synth-
esis, and the phosphatidylinositol (PtdIns)/Ins phos-
phate pathways. Of its numerous phosphorylated
derivatives (2–19; see Fig. 1), myo-inositol-1,2,3,4,5,6-
hexakisphosphate (Ins P6; 660 mw.; 16) is the most
abundant. First known as ‘‘phytic acid’’, Ins P6 (16) is
the major form of phosphorus in seeds, and accumu-
lates in other plant tissues and organs as well, such as
pollen, roots, tubers and turions (Cosgrove, 1980;
Raboy, 1997). One clear function for Ins P6 (16) meta-
bolism in these tissues is storage and retrieval phospho-
rus (P), mineral and Ins (1) during development and
germination.
It became clear in the late 1980s and 1990s that Ins P6
(16) is ubiquitous in eukaryotic species, and is typically
the most abundant Ins phosphate in cells (Sasakawa et
al., 1995). These studies have shown that Ins P6 (16)and
its derivatives, including the more highly phosphory-
lated pyrophosphate-containing (‘‘PP-Ins phosphate’’)
derivatives such as the 5-PP-Ins(1,2,3,4,6)P5 (18), an Ins
phosphate containing 7 moles of phosphorus per mole
of Ins, and 5,6-bis-PP-Ins(1,2,3,4)P4 (19) containing 8
moles of phosphorus per mole of Ins, serve in a number
of functions/processes other than nutrient storage. Ins P6
(16) represents a major metabolic pool in the Ins phos-
phate and PP-Ins phosphate pathways involved in signal
transduction and regulation, and possibly in energy
transduction and ATP regeneration (Safrany et al.,
1999). It may serve as a ligand in various signaling or
regulatory functions, although care must be taken to
demonstrate that in any given case the truly functional
ligand is Ins P6 (16) itself and not one of its rapidly
metabolized derivatives (Shears, 2001). Ins P6 (16) and
its derivatives function in RNA export, DNA repair,
and DNA recombination (Hanakahi and West, 2002;
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Luo et al., 2002; York et al., 1999), in endocytosis and
vesicular trafficking (Saiardi et al., 2002), and as an anti-
oxidant (Graf et al., 1987).
The pathways to Ins P6 (16) and its more highly

phosphorylated derivatives are widespread in eukary-
otic cells and thus ancient in the evolution of the
eukaryotic species. The sequence of developments that
led to this understanding is in itself interesting. Follow-
ing the discovery of the role of Ins(1,4,5)P3 (7) in signal
transduction, a growing number of laboratories started
studying the metabolism of this compound (produced
via the PtdIns phosphate early intermediate pathway,
Fig. 1. Structures of myo-inositol or ‘‘Ins’’ (1) and various Ins phosphates (2 through 19) including Ins(1,2,3,4,5,6)P6 or ‘‘phytic acid’’ (16). The

numbering of the carbon atoms follows the ‘‘d-Convention’’ (Loewus and Murthy, 2000). ‘‘PP’’ indicates a pyrophosphate moiety.
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Fig. 2), and its ever growing series of derivatives (Ber-
ridge and Irvine, 1989). With a growing number of
laboratories using chromatographic methods sensitive
enough to detect transient, nano-molar levels of
Ins(1,4,5)P3, some inevitably would notice the relatively
massive and more polar micro-molar Ins P6 (16) peak
typical of many cells. Once enough laboratories started
focusing on Ins P6, (16) the same process then led to the
discovery of the even more polar PP-Ins phosphates, such
as 5-PP-Ins(1,2,3,4,6)P5 (18) and 5,6-bis-PP-Ins(1,2,3,4)P4
Fig. 2. Biochemical pathways from glucose 6-P to myo-inositol (3)P1 (Ins (3)P1), and from inositol (3)P1 to Ins(1,2,3,4,5,6)P6 (16) or ‘‘phytic acid’’,

and beyond, in the eukaryotic cell. Enzymes catalyzing critical steps in these pathways are illustrated. The ‘‘Early or Substrate Supply Pathway’’

proceeds from glucose 6-P to Ins (1), Ins(3)P1 and phosphatidylinositol (Ptd Ins). In the center left is the ‘‘Inositol phosphate early intermediate’’

pathway, proceeding solely via soluble inositol phosphates, whereas in the center right is the ‘‘phosphatidylinositol phosphate early intermediate’’

pathway. The ‘‘Late Inositol Polyphosphate Pathways’’ basically involve the conversion of Ins trisphosphates to Ins P6 (16) and the PP-Ins phosphates.
V. Raboy / Phytochemistry 64 (2003) 1033–1043 1035



(19). This process subsequently led to the discovery that
cells may also contain a non-phytic acid Ins phosphate
that, like phytic (16) acid contains 6 moles of phosphate
per mole of Ins, such as 5-PP-Ins(1,3,4,6)P4 (17). Since
this step-wise process of discovery began with studies of
Ins phosphates as second messenger metabolites, signal
transduction has remained the main paradigm for the
function of Ins P6 (16) metabolism in studies of non-
plant systems.
There are intriguing parallels in the biology and

enzymology of Ins P6 and its derivatives in organisms as
diverse as Dictyostelium discoideum, yeast (Sacchar-
omyces cerevisiae), endo-parasites such as Echinococcus
granulosus, mammals and plants. While it is often stated
that Ins P6 (16) represents the most abundant Ins phos-
phate in the eukaryotic cell, that it also probably repre-
sents a major fraction of phosphorus in these cells is less
often noted. Despite some recent evidence, most discus-
sion of Ins P6 (16) and its roles in non-plant systems
either ignore a possible role as a cellular phosphate
pool, or view it as either lacking in biological interest or
importance. But there may be few fundamental differ-
ences in either the metabolic pathways involving Ins P6
(16), or its spectrum of possible roles, throughout the
eukaryotes.
2. The background; Ins P6 in the plant seed

Ins P6 can represent from 1.0 to several percent of a
typical seed’s dry weight, about 75.0�10% of a seed’s
total P, and normally greater than 90% of a mature
seed’s total, acid-extractable Ins phosphates (Raboy,
1997). As an example, a typical mature dry seed pro-
duced by a cultivated species grown under standard
conditions might contain about 4.0 mg total P g�1

(expressed as its elemental P content, atomic weight 31).
If so, about 3.0 mg would be found as ‘‘phytic acid P’’
and less than 0.5 mg as other Ins phosphates. These
other Ins phosphates typically consist of four Ins pen-
taphosphates [the ‘‘1-OH/3-OH’’ (15), ‘‘5-OH’’ (12),
‘‘4-OH/6-OH’’ (14) and ‘‘2-OH’’ (13) pentaphosphates],
low levels of less phosphorylated Ins phosphates such as
Ins(1,3,4,5)P4 (10), and trace levels of more highly
phosphorylated PP-Ins phosphate (Dorsch et al., 2003).
While the relative contribution of these other Ins phos-
phates to the total may vary in seed produced by differ-
ent species, the basic pattern does appear to be largely
conserved across species. Thus there is an ‘‘Ins phos-
phate’’ phenotype of seeds that appears to be similar in
non-mutant seed of numerous species, if one looks
carefully enough.
Since annual plants pack much of the P they take up

from the soil into developing seed, and since seed syn-
thesize most of this P into Ins P6 (16), it is not surprising
that a recent estimate of net seed Ins P6 (16) production
annually world-wide by seed crops represents a sum
equivalent to more than 50% of all P fertilizer applied
annually, world-wide (Lott et al., 2000). Thus seed Ins
P6 (16) represents a major pool in P flux through the
world’s agricultural ecology. The production of Ins P6
(16) in plant tissues such as seed, pollen and roots
probably is why Ins P6 and its breakdown products
often are the most abundant form of organic P in soils.
Early studies showed that Ins P6 (16) accumulates

during seed development and is broken down during
germination in such a way as to appear to maintain a
relatively constant level of Pi and cellular P (Strother,
1980). Sequestering Pi as Ins P6 (16) represents a che-
mical approach to the problem of P homeostasis and Pi
regulation. However, studies of viable low phytic acid
(lpa) mutations indicate that the ability to synthesize Ins
P6 (16) is not essential to P homeostasis (Dorsch et al.,
2003; Raboy et al., 2000). Mature seeds homozygous for
the barley M 955 lpa mutation contain less than 10% of
normal or wild-type Ins P6 (16) levels yet are viable
(Dorsch et al., 2003). In M 955 seed essentially all the P
that would be found as Ins P6 (16), typically about 3 mg
P gm�1, accumulates as Pi. The viability and relatively
normal appearance of seed produced by many plant lpa
genotypes, including M 955, suggests that Ins P6 (16)
metabolism may play only a minor role in seed P
homeostasis and that some other mechanism like com-
partmentalization probably plays the major role.
Therefore, accumulation of Ins P6 (16) in seeds, pollen
and other tissues probably has more to do with storage
processes of possible importance to survival in non-cul-
tivated plants, than homeostasis. The primary negative
effect of these mutations might be due to perturbations
in Ins and Ins phosphate metabolism, rather than in P
metabolism.
In mature seeds Ins P6 (16) is commonly found as

deposits of mixed ‘‘phytate’’ salts of mineral cations K,
Mg, Ca, Mn and Zn (Lott, 1984). Electron-dense phy-
tate inclusions, referred to as globoids, are found within
protein storage vacuoles (PSVs, originally referred to as
protein bodies). There is some debate concerning whe-
ther or not globoids are membrane-bound. One recent
study (Jiang et al., 2001) indicated that globoids are
contained within a ‘‘vacuole-within-a vacuole’’ (a mem-
brane-bound compartment within a PSV). Either way,
deposition within a PSV or sub-PSV compartment
might provide a physical mechanism for the regulation
and storage of excess cellular P. Thus while homo-
zygosity for an lpa allele might perturb the cell’s ability
to store Pi as Ins P6 (16), it might not perturb the cell’s
ability to pack either Pi or Ins P6 (16) into PSVs. The
fraction of mature seed total Ins P6 (16) that is com-
partmentalized in PSVs versus that found in other
compartments or in the cytoplasm may vary greatly
between species. The cellular sites for the various steps
in the synthesis of Ins P6 (16) prior to its deposition are
1036 V. Raboy / Phytochemistry 64 (2003) 1033–1043



not well known. If one assumes that Ins P6 (16) synth-
esis is largely cytoplasmic, and that once synthesized it’s
mostly compartmentalized in mature seeds, then there
must be some form of presently unknown transport
mechanism.
PSVs might primarily contain storage protein, or

phytate deposits, or both, and distribution of these dif-
ferent types of storage products may be tissue-specific
(Lott, 1984). For example, in the cereal grain Ins P6 (16)
accumulates within the diploid tissues of the embryo
and scutellum, and within the triploid tissue of the
aleurone, but not within the triploid tissue of the central
endosperm. Tissue-specific patterns of Ins P6 (16)
deposition in the seed are not restricted to the cereal
grain, or monocots, and probably are the rule rather
than the exception. For example, the sub-epidermal
parenchyma tissue of the legume cotyledon is not mor-
phologically differentiated from the cotyledon’s central
parenchyma, as is the triploid aleurone layer of cereal
grains compared with the sub-aleurone endosperm. But
in yellow lupin (Lupinus luteus L.) seed the sub-epidermal
parenchyma is clearly functionally differentiated from
the central parenchyma, in that phytate inclusions are
localized in this layer of five to ten cell rows, a functional
differentiation perhaps similar to that of the cereal
aleurone versus central endosperm (Sobolev et al., 1976).
Ins P6 (16) serves as a counter-ion for mineral storage

and retrieval processes that are mineral-, tissue- and
stage-specific during seed development. For example,
developing Arabidopsis thaliana (L.) seeds store Mg, K,
and Ca as phytates in PSV globoids in the embryo, Mn
in phytates in the chalazal endoplasmic reticulum, and
Zn in phytates in the chalazal vacuolar compartment
(Otegui et al., 2002). The Mn and Zn stores are tran-
sient, with subsequent mobilization, at different times
during development, to phytate stores in the embryo.
This differential storage and redistribution during seed
development appears to reflect differing physiological or
metabolic demands for Mn and Zn. This is reminiscent
of an earlier study of rice grain development (Ogawa et
al., 1979). This earlier study described P, K and Mg
distribution during rice central, starchy endosperm and
aleurone development. Early during development these
three minerals are fairly evenly distributed throughout
these tissues. P and Mg accumulation in the aleurone
layer, presumably as phytate salt, precedes K accumu-
lation. This may reflect the fact that K is important to
the enzymology of starch synthesis, which ceases late in
endosperm development, only then releasing the K for
storage. Thus both studies indicate that ‘‘distribution is
related to metabolic function’’ (Ogawa et al., 1979), and
that Ins P6 (16) functions as the counter-ion in these
processes.
In the small grains (barley, wheat, rice), it has been

estimated that more than 80% of the whole grain’s Ins P6
(16) is sequestered in the aleurone layer. The aleurone
layer might represent 5% of a small grain seed’s dry
weight. Thus Ins P6 (16) might represent 20% or more
of these tissues’ mature dry weight. Following imbibi-
tion, the initial stage of seed germination, if the water
content of the aleurone layer were 80% of its fresh
weight, then initial Ins P6 (16) concentration would be
in the order of 50 mM.
3. From seeds to all eukaryotic cells

To what extent is there conservation in the biochem-
istry, genetics and physiology of Ins P6 across diverse
eukaryotes? If the main paradigm for the function of Ins
phosphates in non-plant cells has been in signal trans-
duction, studies like that of Xiong et al. (2001) and
Lemtiri-Chlieh et al. (2000) confirm that the metabolism
of Ins(1,4,5)P3 (7) and Ins P6 (16) also function in signal
transduction in plant cells. Xiong et al. (2001) showed
that the fiery1 mutation of A. thaliana results in ‘‘super-
induction’’ of abscisic acid (ABA)- and stress-response.
This mutation was shown to be in a gene encoding an
Ins polyphosphate 1-phosphatase, an activity critical to
the breakdown of Ins(1,4,5)P3 (7) necessary to maintain
the transient nature of the signal. Lemtiri-Chlieh et al.
(2000) demonstrated that ABA elicited rapid changes in
Ins P6 (16) in intact Solanum tuberosum stomatal guard
cells. They further found that submicromolar amounts
of Ins P6 (16), delivered through a patch electrode to
S. tuberosum and Vicia faba protoplasts, ‘‘mimicked the
inhibitory effects of ABA and internal calcium’’ on the
inward rectifying K+ current, a component of ion flux
important to stomatal guard cell function and a well
characterized target of ABA response. These and other
studies have demonstrated a role for Ins P6 (16) as a
downstream component of ABA response.
In mammalian cells the interconversion of Ins P6 (16)

and the more highly phosphorylated PP-Ins phosphates
can be rapid. Up to 50% of a mammalian cell’s steady-
state level of Ins P6 (16), from 10 to 100 mM, can cycle
through PP-Ins phosphates every hour, representing a
considerable expenditure of cellular energy (reviewed in
Safrany et al., 1999). One function for this relatively
expensive PP-Ins phosphate metabolism appears to be
in the regulation of endocytic protein trafficking
(Saiardi et al., 2002). Yeast (S. cerevisiae) mutations
that block PP-Ins phosphate metabolism also have very
specific abnormalities in the endocytic pathways but not
in other components of membrane trafficking. While the
mechanistic details are not clearly known yet, it was
proposed (Saiardi et al., 2002) that the PP-Ins phos-
phates may bind to or interact with clathrin, clathrin
adapter proteins, and plasma membrane phospholipids,
their metabolism functioning as a switching mechanism.
This proposal follows the ‘‘signaling paradigm’’ for the
function of Ins phosphates.
V. Raboy / Phytochemistry 64 (2003) 1033–1043 1037



In these studies rapid metabolism of PP-Ins phos-
phates is often linked with low steady state levels as
compared with Ins P6 (16). In contrast, the pattern and
levels of Ins P6 (16) and PP-Ins phosphates during the
life cycle of the cellular slime molds Dictyostelium and
Polysphondylium pallidum (Laussmann et al., 2000)
appears similar to that observed during the life cycle of
higher plants. These organisms can exist in a ‘‘vegeta-
tive’’ stage as amoeba, and upon starvation (transfer to
bacteria-free phosphate-buffered media) either form
multicellular aggregates that differentiate into spores
supported on stalks (Dictyostelium), or form microcysts
(Polysphondylium) . During the amoeba cellular stage,
at relatively low cellular densities, the levels of Ins P6
and PP-Ins phosphates remain low, from �10 mM for
PP-Ins phosphates up to �250 mM for Ins P6. At higher
cell densities Ins P6 increases to �650 mM and the
PP-Ins phosphates to �250 mM. Upon starvation and
spore formation both Ins P6 and PP-Ins phosphates can
increase up to �2.0 mM. During subsequent germina-
tion cellular Ins P6 (16) and PP-Ins phosphate levels
return to basal, ‘‘vegetative’’ levels. This pattern of
accumulation during development of reproductive tis-
sues and organs and ‘‘breakdown’’ during subsequent
germination is very similar to that observed in tissues
and organs involved in reproduction of higher plants,
the only difference being that PP-Ins phosphates
appear to represent a greater proportion of the ‘‘total
Ins phosphate’’ in the slime molds. However, a role
in phosphorus storage or cellular nutrition, the main
role for Ins P6 (16) accumulation and breakdown
during seed development and germination, is not one
of the proposed roles for Ins polyphosphate accumu-
lation and breakdown in the slime mold. Suggested
roles (Laussmann, et al. 2000) include molecular
switching and regulation of cellular processes, per-
haps via service as substrate for protein phosphor-
ylation, roles again fitting the signal-transduction
paradigm.
A third possible role for the rapid and energetically

expensive metabolism of Ins P6 (16) and PP-Ins phos-
phates, beyond signal transduction or mineral nutrition
and homeostasis, is in ATP regeneration or energy
transduction per se. Perhaps the accumulation of PP-Ins
phosphates in slime mold spores serves as ‘‘bond-energy
storage’’ for subsequent use during germination. Studies
published in the 1960s (Morton and Raison, 1963) first
suggested a link between Ins P6 (16) and ATP regen-
eration, in this case of importance to seed development
and germination. This hypothesis was dismissed at the
time, based on the observation that the bond energies
of the phosphomonoesters in Ins P6 (16), 3.3–4 kcal
mol�1, were insufficient for conversion of ADP to
ATP. However, the bond energies of the diphosphate
groups of PP-Ins phosphates, 6.6 kcal mol�1, may be
sufficient to serve in ATP regeneration. Perhaps the
original conjecture of Morton and Raison (1963) was
closer to the truth than originally thought.
The work of Biswas et al. (1978a, b) was the first to

provide an enzymatic mechanism for a link between Ins
P6 (16) and the conversion of ADP to ATP. It also
described an enzymology of Ins phosphates reminiscent
of that established in more recent studies discussed
below. Biswas et al. (1978a, b) described two enzymes in
developing mung bean (Phaseolus aureus L.) seeds; a
‘‘phosphoinositol kinase’’ that could convert Ins(3)P1
(2) to Ins(1,3,4,5,6)P5 (13) and an ‘‘InsP6-ADP phos-
photransferase’’ that converts Ins(1,3,4,5,6)P5 (13) to
Ins P6 (16). The ‘‘phosphoinositol kinase’’, of which two
electrophoretic variants were identified, could utilize a
series of Ins phosphates as substrates, presumably
beginning with Ins(3)P1 (2) in vivo, converting each to a
more highly phosphorylated derivative, with the affinity
of the enzyme for substrate increasing with increasing
phosphorylation. The ‘‘Ins P6-ADP phosphotransfer-
ase’’ described by Biswas et al. (1978b) could also cata-
lyze the reverse reaction and use Ins P6 (16) as a
phosphate donor for the conversion of ADP to ATP. A
subsequent study of a similar soybean Ins(1,3,4,5,6)
2-kinase (Phillippy et al., 1994) indicated that in tissues
with sufficiently high Ins P6 (16) concentrations, such as
the cereal grain aleurone layer or the yellow lupine
cotyledon’s sub-epidermal layer during the initial stage
of germination, this type of enzyme might catalyze the
conversion of ADP to ATP.
4. Metabolic pathways

The structural metabolic pathways centering on Ins
P6 (16) can be thought of as consisting of two parts
(Fig. 2); early pathways having to do with Ins (1)
synthesis and supply, and the later Ins phosphate path-
ways. The later Ins phosphate pathways centering on
Ins P6 (16) can be thought of as consisting of four parts:
two alternative early intermediate pathways that pro-
ceed either via soluble Ins phosphates to Ins(3,4,6)P3 (5)
or via PtdIns phosphate intermediates and the production
of Ins(1,4,5)P3 (7); the conversion of Ins trisphosphates
to Ins(1,3,4,5,6)P5 (13) or other Ins pentaphosphates
followed by their conversion to Ins P6 (16); pathways
that utilize Ins P6 (16) or other Ins polyphosphates to
produce PP-Ins phosphates.
The sole synthetic source of the Ins backbone is the

activity of the enzyme myo-inositol(3)P1 synthase
(‘‘MIPS’’), that converts glucose-6P to Ins(3)P1 (Loewus
and Murthy, 2000). In yeast the regulation of expression
of the Ino1 gene encoding yeast MIPS is central to
phospholipid metabolism (Carman and Henry, 1989).
The molecular biology of this gene’s regulation in yeast,
via DNA binding factors such as SNF1 and INO80, is
well developed (for example see Shirra et al., 2001). In
1038 V. Raboy / Phytochemistry 64 (2003) 1033–1043



plant cells Ins (1) is utilized in a number of pathways in
addition to phospholipid or Ins P6 (16) synthesis,
including pathways to cell wall polysaccharides and
cyclitols (for review see Loewus and Murthy, 2000).
Plant biology studies have also shown that MIPS is
regulated in response to stress (Nelson et al., 1998), and
induced in response to ABA (Flores and Smart, 2000).
Ins (1) synthesis via induction of MIPS by ABA was
found to mostly contribute to Ins P6 (16) accumulation
(Flores and Smart, 2000). MIPS is also induced at sites
proximal to Ins P6 (16) accumulation in seeds (Yoshida
et al., 1999), and reduced MIPS expression is believed to
be the cause of the reduced Ins P6 (16) in seeds of the
maize lpa1-1 mutation (Raboy et al., 2000).
Thus the regulation of MIPS expression in yeast and

plants, whether or not it was accomplished via similar
mechanisms such as conserved DNA binding proteins,
might appear at least in part to serve different physi-
ological processes. However two recent studies (Shen et
al., 2003; Steger et al., 2003) tie together Ins (1) and Ins
P6 (16) synthesis and phosphate metabolism in yeast.
The Ins P4 and Ins P5 precursors to Ins P6 (16) were
found to be involved in chromatin remodeling in
response to phosphate starvation, and the targets for
induced gene expression via chromatin remodeling may
include both the INO1/MIPS gene and the PHO5 gene,
a phosphate-response gene whose expression is induced
in response to phosphate starvation. The DNA binding
machinery implicated in the P response include the
SNF1 and INO80 gene products that regulate the yeast
MIPS-encoding gene INO1. The conclusion that the Ins
P4 and Ins P5 precursors to Ins P6 (16) are involved in
chromatin remodeling and induction of PHO5 was
derived from the fact that PHO5 expression is not
induced by phosphate starvation in a genetic back-
ground, arg82, null for Ins(1,4,5)P3 3-/6-kinase activity,
the enzyme in yeast that converts Ins(1,4,5)P3 (7) to
Ins(1,3,4,5,6)P5 (13), a step critical to Ins P6 (16) synth-
esis in yeast (see below). One possible interpretation of
these yeast results, not suggested by the authors, is that
phosphate metabolism, Ins (1) and Ins P6 (16) are all
interlinked, as they are in seed development.
The first description of a pathway to Ins P6 (16) con-

sisting completely of a sequence of defined soluble Ins
phosphate intermediates—Ins(3)P1 (2), Ins(3,6)P2 (4),
Ins(3,4,6)P3 (5), Ins(1,3,4,6)P4 (9), Ins(1,3,4,5,6)P5
(13)—came from studies of Ins P6 (16) synthesis in Dic-
tyostelium (Stephens and Irvine, 1990). A similar path-
way differing in only two intermediates—Ins(3,4)P2 (3)
and Ins(3,4,5,6)P4 (8)—was described in studies of the
duckweed Spriodela polyrhiza L. (Brearley and Hanke,
1996). These pathways are clearly more similar than
they are different. The Dictyostelium pathway began
with Ins (1), presumably produced either directly from
the product of MIPS activity, Ins(3)P1, via a monopho-
sphatase activity, or recycled from the cellular Ins pool,
with the initial phosphorylation of Ins at the D-3 posi-
tion catalyzed by an Ins 3-kinase. Thus, in enzymatic
terms the Dictyostelium pathway proceeds via a
3-kinase, 6-kinase, 4-kinase, 5-kinase, 1-kinase, and
finally a 2-kinase.
Does a pathway to Ins P6 (16) entirely via sequential

phosphorylation of soluble Ins phosphates actually
exist? There is no genetic evidence for genes encoding an
Ins 3-kinase or for an Ins(3)P1 kinase, the later function
essential to such a pathway. In contrast, pathways to
Ins P6 (16) that proceed via PtdIns phosphate early
intermediates and the production of Ins(1,4,5)P3 (7) are
well established, both biochemically and genetically, in
yeasts such as Schizosaccharomyces pombe (Ongusaha et
al., 1998) and Saccharomyces cerevisiae (York et al.,
1999) and mammalian cells (Chang et al., 2002), and are
becoming more established in studies of the model plant
species A. thaliana (Stevenson-Paulik et al., 2002) and
maize (Shi et al., 2003). In each case Ins(1,4,5)P3 (7) is
first produced by the action of a specific phospholipase
C on PtdIns(4,5)P2. In yeast, Ins(1,4,5)P3 (7) is first
converted to Ins(1,3,4,5,6)P5 (13) by the two-step action
of an 6-/3-kinase, encoded by the yeast Ipk2 gene (York
et al., 1999). The yeast version of this enzyme is thought
to first convert Ins(1,4,5)P3 (7) to Ins(1,4,5,6)P3 (11) via
a ‘‘6-kinase’’ activity, then to convert Ins(1,4,5,6)P4 (11)
to Ins(1,3,4,5,6)P5 (13) via a 3-kinase activity. A rat
version of this enzyme is thought to first phosphorylate
the 3-OH position, then to phosphorylate the 6-OH
position (Saiardi et al., 2001). Interestingly, this rat
enzyme can also convert Ins(4,5)P2 to Ins(1,4,5)P3 (7),
and Ins(1,3,4,5,6)P5 (13) to an unidentified PP-InsP4
similar to (17), a non-phytic acid Ins phosphate with 6
moles of phosphate per mole Ins. In both cases
Ins(1,3,4,5,6)P5 (13) is then converted to InsP6 (16) via a
2-kinase, such as that encoded by the yeast Ipk1 gene
(York et al., 1999).
The Ins(1,4,5)P3 6-/3-kinase encoded by the yeast

IPK2 gene also has 5-kinase activity, as do two
A. thialiana homologs, thus these enzymes are properly
referred to as 3-/5-/6-kinases, as indicated in Fig. 2
(Stevenson-Paulik et al., 2002). The significance of the
fact these enzymes also can phosphorylate the 5-OH
position is that they therefore may also be able to pro-
cess ‘‘5-OH’’ Ins trisphosphates like Ins(1,3,4)P3 (6) (see
below) or Ins(3,4,6)P3 (5) or their 5-OH derivatives such
as Ins(1,3,4,6)P4 (9). While a human version of this
enzyme can act on Ins(1,4,5)P3 (7) as substrate, it has
even higher affinity for Ins(1,3,4,6)P4 (9), and therefore
has been defined as an Ins(1,3,4,6)P4 5-kinase (Chang et
al., 2002). Mutations of the IPK2 gene in yeast blocks
Ins P6 (16) accumulation, clearly indicating that this
kinase is essential to Ins P6 (16) synthesis in this organ-
ism (York et al., 1999). While genome data base sear-
ches indicated that all plant species contained expressed
genes encoding these types of Ins phosphate kinases,
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genetic evidence for this type of kinase’s role in Ins P6
(16) synthesis in plant or seed tissues has not been
reported yet.
Ins(1,4,5)P3 kinases were the subject of a third study

in non-plant cell systems that stumbled upon an unan-
ticipated link between Ins (1) or Ins P6 (16) metabolism
and phosphate metabolism (Schell et al., 1999). Rabbit
cDNA’s were injected into Xenopus oocytes, and one
was found to stimulate Pi uptake, thus called Pi Uptake
Stimulator. The PiUS sequence appeared to encode an
Ins(1,4,5)P3 3-kinase, but the encoded protein in fact
was found to have little activity against Ins(1,4,5)P3 (7)
but rather to have substantial Ins P6 kinase activity,
producing PP-Ins phosphates. It turns out that there is a
family of genes that encode proteins with either
Ins(1,4,5)P3 and/or Ins P6 kinase activities. Which type
of activity evolved ‘‘first’’ remains the subject of some
discussion. Whatever the physiological role or evolu-
tionary significance, these enzymes represent one type of
Ins phosphate ‘‘multifunctional kinase’’ or ‘‘multi-
kinase’’ (Saiardi et al., 2001), in that most have been
found to recognize several different substrates, phos-
phorylating each to its more highly phosphorylated
derivative.
A second pathway to Ins P6 (16), described first in

studies of mammalian cells, also utilizes lipid-derived
Ins(1,4,5)P3 (7) but in an indirect manner that first
requires its conversion to Ins(1,3,4)P3 (6). This pathway
differs from the ‘‘yeast pathway’’ in that 3-kinase action
on Ins(1,4,5)P3 (7) first produces Ins(1,3,4,5)P4 (10)
which is then hydrolyzed by a 5-phosphatase to produce
Ins(1,3,4)P3. Ins(1,3,4)P3 in turn is converted to
Ins(1,3,4,5,6)P5 (13) via what was first called an
Ins(1,3,4)P3 5-/6-kinase (Wilson and Majerus, 1996,
1997). This second type of Ins trisphosphate kinases
encode enzymes that do not recognize Ins(1,4,5)P3 as
substrate and represents a family of sequences in plants
and animals that is clearly different from those encoding
the Ins(1,4,5)P3/Ins P6 kinases discussed above. Like the
Ins(1,4,5)P3 multifunctional kinases, the Ins(1,3,4)P3
kinases also appear to be multifunctional, but in this
case appear to have both kinase and phosphatase activ-
ity against a number of Ins phosphates at the 1-OH,
5-OH and 6-OH positions (Ho et al., 2002). Thus these
are referred to as Ins PolyP kinase/phosphatase in Fig. 2.
5. Maize and barley low phytic acid 2 mutants, Ins

polyphosphate kinase and the Ins polyphosphate

metabolic complex

The maize low phytic acid 2 (lpa2) gene was recently
shown to encode a member of the Ins(1,3,4)P3 5-/6-
kinase or Ins polyphosphate kinase/phosphatase family,
representing the first Ins phosphate kinase for which
there is genetic evidence that its activity contributes to
seed Ins P6 (16) synthesis (Shi et al., 2003). An inde-
pendent study of barley low phytate mutations (Hat-
zack et al., 2001) identified an ‘‘A-type’’ mutation
phenotypically similar to the maize and barley lpa2
mutations, in that reductions in seed Ins P6 (16) were
accompanied by increases in ‘‘lower’’ Ins phosphates, in
particular Ins(1,3,4,5)P4 (10), and it was hypothesized
that the gene perturbed in this mutant encoded an
Ins(1,3,4)P3 5-/6-kinase. Since in seed homozygous for
null alleles of maize lpa2 Ins P6 (16) is only reduced by
�50%, the maize genome either contains additional
copies of genes encoding this activity or genes encoding
other types of Ins phosphate kinases like the
Ins(1,4,5)P3 kinases that also contribute to the conver-
sion of lower Ins phosphates to Ins P6 (16). One con-
clusion drawn from the observation that maize lpa2
encodes an Ins(1,3,4)P3 kinase is that the PtdIns phos-
phate early–intermediate pathway at a minimum prob-
ably produces a substantial amount of the Ins
phosphate substrate that is converted to Ins P6 (16) in
maize seed, via its initial product Ins(1,4,5)P3 (7). How-
ever, since this type of Ins PolyP multi-functional
kinase/phosphatase enzyme might also has 1-OH and 5-
OH kinase activity, the potential contribution of the
soluble Ins phosphate early intermediate pathway, pos-
sibly producing Ins(3,4,6)P3 (5), cannot be ruled out at
present.
The paradigm followed in many studies of Ins P6 (16)

is that its synthesis proceeds via a linear, sequential
addition of Ins phosphates. This might reflect the signal
transduction model, where specific Ins phosphates, pro-
duced transiently, have specific effects as ligands requir-
ing isomer-specific binding proteins (Berridge and
Irvine, 1989). While the main or ‘‘central’’ synthetic
pathway to Ins P6 (16) may be linear, proceeding via a
sequence of soluble Ins phosphates or via PtdIns phos-
phate intermediates, Ins P6 (16) may actually only be a
constituent, albeit the major constituent, of a complex
metabolic pool consisting of Ins pentaphosphates, Ins
P6 (16) and PP-Ins phosphates. Studies of Dictyostelium
revealed that two Ins pentakisphosphates,
d-Ins(1,2,4,5,6)P5 (15) and Ins(1,2,3,4,6)P5 (12) have
low turnover rates, accumulate at low steady state levels
and interconvert with Ins P6 in what appears to be futile
cycles (Stephens et al., 1991). Seed produced by maize
and barley low phytic acid2 (lpa2) mutants accumulate
these same two Ins pentaphosphates, and they are also
observed at lower steady-state levels in non-mutant seed
(Raboy et al., 2000; Dorsch et al., 2003). Studies of seed
Ins phosphates in normal and lpa barley genotypes also
revealed the presence of an Ins phosphate more polar
than Ins P6 (16), a putative PP-Ins phosphate, perhaps
an Ins P7. Thus the pattern of Ins phosphates in normal
and lpa maize and barley seed, their ‘‘Ins phosphate
phenotype’’, is similar to the Ins phosphate ‘‘pheno-
type’’ of Dictyostelium cells.
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This review indicates that up until recently a pattern
of thinking about these Ins phosphate kinases, a para-
digmatic approach, was apparent in the numerous bio-
chemical and genetic studies involving a wide variety of
organisms. Most reports have defined a given enzyme’s
activity as specific to a single substrate, and viewed a
particular pathway or function as proceeding via a very
specific, linear sequence of intermediates. However, the
most recent studies of the Ins(1,4,5)P3 (7) and
Ins(1,3,4)P3 (6) multifunctional kinases and kinase/
phosphatases tend to find that each of the canonical
types of enzymes are in fact ‘‘multi-functional’’. The
final example of this concerns the Ins phosphate
2-kinase, first defined as Ins(1,3,4,5,6)P5 2-kinase. All
pathways to Ins P6 (16) where thought to proceed via
this single penultimate Ins pentaphosphate. However,
even in this case it is clear that Ins phosphate 2-kinases
can phosphorylate the 2-OH position of other Ins
phosphates. For example maize lpa2 seed lacks Ins
phosphate 1-/3-kinase activity, but the 1-OH/3-OH Ins
tetraphosphates that do accumulate are phosphorylated
at the 2-OH position to yield Ins(1,2,4,5,6)P5 (15) or
Ins(2,3,4,5,6)P4 (Raboy et al., 2000). Similarly, the
A. thaliana Ins phosphate 2-kinase can convert
Ins(1,3,4,6)P4 (9) to Ins(1,2,3,4,6)P5 (12), in addition to
catalyzing the canonical conversion of Ins(1,3,4,5,6)P5
(13) to InsP6 (16) and thus this enzyme was referred to
as an InsP4/InsP5 2-kinase (Stevenson-Paulik et al.,
2002).
6. Concluding comments

While each of the Ins phosphate kinases typically is
defined by the substrate for which it has highest affinity,
many can phosphorylate a variety of substrates. As is
clear from Fig. 2, if they are expressed together in a cell,
these Ins phosphate kinases might function together to
convert a large number of lower Ins phosphates to Ins
P6 (16). When viewed this way, this most recent work
has described a pathway similar to that described by
Biswas et al. (1978a); perhaps the Ins(1,3,4)P3 (6) and
Ins(1,4,5)P3 (7) multifunctional kinases are in fact the
two electrophoretic forms of ‘‘phosphinositol kinase’’.
When just two types of kinases appear to recognize such
a large number of substrates, then defining a given
enzyme by the single substrate it has highest affinity for
seems to be a case of ‘‘missing the forest for the trees’’.
The pattern of Ins phosphates in both Dictyostelium

and seeds indicates that the there is a complex buffer
consisting of several Ins pentakisphosphates, Ins P6
(16), and more highly phosphorylated PP-Ins phos-
phates. Ins P6 (16) has been viewed as a substrate for the
synthesis of PP-Ins phosphates. Is it possible that all
components of this complex buffer, including the more
highly phosphorylated PP-containing Ins phosphates,
are involved in net Ins P6 (16) synthesis and accumula-
tion in seeds? Perhaps the pathway to Ins P6 (16) in
seeds proceeds first to PP-Ins phosphates in the cyto-
plasm, with the pyrophosphate moiety being hydrolyzed
to provide the energy for transport of the resulting Ins
P6 (16) into its subcellular storage compartment. Until
recently the only organisms in which Ins P6 (16) deposits
were observed were plant tissues. However, recently it
was shown that Ins P6 (16) is a major component of the
extracellular hydatid cyst wall produced by the parasitic
cestode Echinococcus granulosus, and represents >90%
of the total phosphorus of this cell wall (Irigoin et al.,
2002). This study also showed that the cell wall Ins P6
(16) is synthesized intracellularly, and secreted into the
cell wall, where it occurs as a calcium salt. Thus in
organisms as diverse as this parasitic cestode and plant
seeds a major portion of a tissue’s or organ’s total P is
synthesized into Ins P6 (16), and this Ins P6 (16) then
appears to be transported or secreted via a presently
unknown mechanism for subsequent deposition as a
mineral salt.
The recent studies in non-plant systems bring this

discussion and field full-circle, since they tie together Ins
(1), Ins P6 (16) and PP-Ins phosphate metabolism and
phosphorus metabolism. Perhaps the differences
between the slime mold spores and cysts, yeasts, para-
sites and plant seeds, are relatively trivial, and the major
functions of this metabolism include signal transduc-
tion, nutrient storage and retrieval, phosphorus home-
ostasis, and bond-energy storage. If one looks beyond
the paradigm of signal transduction, there are clear
links between both Ins (1) and Ins P6 (16) metabolism
and cellular phosphorus metabolism. In the light of
both the historical and recent studies of Ins phosphates
and Ins P6 (16) in signal transduction and ATP meta-
bolism, or the studies of their biochemistry and phy-
siology, the conservation in the biochemistry, genetics
and physiology of Ins P6 (16) across diverse eukaryotes
does appear significant.
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